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extraction techniques for ERP classification utilizing discriminant analysis
is demonstrated. Experimental reports describing these research efforts

are included in a final section.

Finally, an outline of ongoing and proposed research is presented that
concerns application of ERP's to enhance performance in two applied contexts:
The man-machine system environment characterizing the multi-task structure
of the aircraft cockpit, and tine field of computer aided instruction (CAI).
In both settings, information provided by ERP's may supplement or replace
that provided by operator responses, and allow the computer to affect
adaptively the natur< of the man-computer interaction. In the cockpit
environment, the ERP can convey information concerning operator workload
and the allocation of attention between tasks. In the CAI environment
such information might concern the degree of learning of different items

in the instructional set.
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PREFACE

In this document we report on the progress of the first year of a five year

research program entitled "The Vocabulary of Brain Potentials: Inferring Cognitive

= &

Events from Brain Potentials in Operational Settings." This report combines the

two semi-~annual reports which concern the period July 1, 1975 to July 1, 1976.

$ot

During the first six months of the project much of our effort was devoted to the
design development and installation of the laboratory facilities described in
Section B below. It seemed, therefore, more appropriate to include a descripticn

iw of these physical developments with the detailed report of the scientific work con-
ducted during the remainder of the year.

The report is organized as follows. In Section A we present a narrative sum-~
m2~y of the proposed experimental program as well as a summary of the laboratory's
accomplishments during the reporting period. In Section B we present a detailed
description of the Cognitive Psychophysiology Laboratory. The development of this
unique resource has been supported almost entirely with funds provided under this
contract. In Sectinn C.l we discuss the manrer in which event related potentials
(ERPs) may be used in the enhancement of the performance of man-machine systems,
and outline our experimental plans. Section C.2 discusses in the same manner our
plans for the incorporation of the ERP channel in the Couputer Assisted Instructional
Environment. These two sections summarize progress we made this year in identifying
the framework for the use of Biocybernetic communication in operaticrnal environments
and in developing initial test environments fo- the efficacy of this channel. Fi-
nally, Section D incorporates a series of detailed reperts of experimental work com-

i pleted during the reporting period. The work desrribed is concerned with the

e elucidation of the vocabulary of the ERP and with the identification of ERPs at the

single-trial level.
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SECTION A

EXPERIMENTAL PROGRAM AND ACCOMPLISIMENTS

A.l The Research Plan

In a proposal we submitted to ARPA on April 4, 1975 we iutroduced our research

plans as follows.

Narrative Summary

A.1.1 Rationale

We have demonstrated that cognitive events can be inferred from cortical poten-—
tials which can be recorded through the scalp of intact, awake human subjects. Spe-
cific components of these event related poteutials (ERPs) have teen shown to be mani-
festations of such cognitive events as the preparation to perform a response, the
preparation to intake and process information, the registration of a surprising event,
or the processing of task relevant information.(l) W.th the application of powerful

(2)

analytical techniques, we have in the past few months been able to greatly refine
the resolution with wiich we can dissect the ERP into cognitively relevant components.(3)
We will refer to this phase of the work as the determination of the ERP vocabulary.

A brief summary of the availabie data on ERP components which are demonstrably
associated with cognitive events follows.

An ERP 1s a transient series of voltage fluctuations induced in cortical tissue
immediately following the occurrence of some critical inducing event. The ERPs can be
induced by a variety of events such as the presentation of a stimulus, the occurrence
of a resporse, a change in the rate of stimvlation, etc. The amplitude of the re-
sponse, as recorded from the scalp, is minute relative to the on-going brain wave
activity (EEG), and it is only through the use of signal-averaging techniques that
the waveform and characteristics of ERPs can be ctudied.

An ERP consists of a series of positive and negative peaks which continue for

about 500 msec. The waveform, i.e., the sequence and timing of positive and negative

peaks, depends on the eliciting event, on the state of the subject, and on the
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2
placement of the recording electrodes on the scalp. For any given set of conditions
ERPs are quite consistent between individuals, yet each individual tends to display
a characteristic wave pattern. In the few published reports of ERPs recorded from the
same individual over long periods the wave patterns proved remarkably stable.

Each peak-to-trough, or base-to-peak deflection appearing in the ERP at a con-
sistent temporal interval following the eliciting event is called a "component." Many
components are ''exogenous,' that is they represent the response of cortical tissue to
the arrival of sensory volleys as a result of the activation of a peripheral sense
organ. The exogenous components are often followed by what we shall call endogenous
components. These represent cortical information processing invoked by the psycho-
logical demands of the context in which a stimulus is presented rather than by the
physical properties of the stimulus. For example, we, and others, have shown that if
a stimulus provides task-relevant information to a subject the ERP elicited by that
stimulus will be characterized by a large positive going wave with a latency to the
peak of about 300 msec. We call this component P300.

With few exceptions, ERP components are 'abeled by a <character><number> designa-
tion. The character indicates the polarity of the component (P = positive, N = nega-
tive), the number refers to the modal delay between the eliciting event and the peak
of the component.

1. N100. Present in ERPs elicited by all stimuli of moderate and high intensi-
ties. Recent e¢vidence suggests that the amplitude of N100 is a function of
the degree to which subject is attending selectively to the modality in which
the stimuli are presented.

2. N19). This ERP component, studied in detail in our laboratory, seems to be
elicited whenever a rare, or unexpectad, event occurs. It is of particular
interest because it can be elicited by stimuli which are in fact in the
periphery of the subject's attention span. Due to the fairly recent discovery

of N190 the details of its relationship to psychological variables have yet

to be worked out.



-m

3

3. P300. This is the most robust of the endogenous ERP components. In more
than a ducade of research it has been recorded in many laboratories, in a
large number of situations. It seems to be most reliably recorded in associ-
ation with task-relevant, rare stimuli and seems to reflect in amplitude the
complexity of the information processing invoked by the stimulus.

4. "Slow Wave". We have established that the P300 component 1s often followed
by a slow potential shift which is affected by the same variables which are
known to affect the P300 except that it has a different scalp distribution.
Whereas P300 appears largely as a positive going potential peaking on the
parietal (posterior) scalp, the slow wave is positive going in parietal elec-
trodes and negative going in frontal electrodes.

5. The Contingent Negative Variation (The CNV). This wave precedes anticipated

events in response to which the subject will have to perform a demanding
motor, or mental, act. It is very reliably recorded during the warning inter-
val (foreperiod) in a reaction time task, in the form of a negative ramp
beginning about 400 msec after the warning stimulus and peaking just prior

to the response-commanding (imperative) stimulus.

6. "Readiness Potential" (RP). This is a CNV-like wave. It is distinct only in

the sense that it appears prior to self-paced voluntary i1esponses. Its
occurrence is independent of the presence of an eliciting, or a command
stimulus. The relationship between the RP and the CNV is a subject of much
active research and some controversy.

The determination of the ERP vocabulary consists of defining with ever increasing
resolution the specific psycholegical variables which determine the amplitude and scalp
distribution of these potentials. It is also necessary to develop techniques for
dissecting any given waveform into its constituent components. These have been the
main charges of our past research and we feel we made substantial progress. Speci-

fically, we have developed a powerful combination of Principal Component analysis and

e e T e
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«e analysis of variance which has enabled us to clarify the relationship between ERP

(4)

components.

Ac the known vocabulary of ERPs develops it becomes increasingly likely that the

ERP might play an important role in man-computer interactions. If the vocabulary can

kgl

: be '"understood" by a computer, and there is no doubt that it can, then an important

E . communication link can be established between the operator and his equipment. At

} least three advantages are apparent in such a communication channel.

1. As the ERPs seem to, at least in part, manifest events in the nonverbalized
substrate of cognition they may provide information which cannot be otherwise
communicated by the operator.

2. The immediate access ERP components provide into the subject's cognitive
world suggest that they might enhance communication speed.

3. The strong presumptive evidence that an individual's ERP is unique suggests
that these potentials might constitute an ongoing self authenticating com-
ponent of the communication process.

The project plan proposed here capitalizes on the success of the first two years
of our ARPA support and 1is designed to develop realistic implementations of biocyber-
netic communication systems in simulatz2d operational environments.

We see the following specific tasks.

a. Refine our present knowledge of the ERP vocabulary. Particular emphasis

will be placed on the newly discovered Ni90 and '"slow wave' components, as
i well as on consolidating our understanding of P300 as a measure of the feed-
back subjects derive from specific stimuli.
b. Test the utility of the well established vocabulary in enhancing performance
of operatore controlling complex devices (with our major model being the

aircraft cockpit).

c. Test the utility of the vocabulary in the Computer Assisted Instructior envir-

onment. Here the model will be the PLATO lesson and our goal the facilitation

of interaction between the student and the teaching console.

T TP IR, - — i Rl
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The major difficulty in developing the ERP as a communicatison channel is the
very low signal to noise ratio in the channel.(s) The ERPs are minute in amplitude
relative to the '"polyneurali roar'" or the ongoing EEG activity. In determining the
vocabulary, signal to noise ratios can be enhanced through the use of signal-averaging.
This technique relies, of course, on the repeated occurren:~ of the cognitive events
as well as on the computer's precise knowledge of their time of occurrence. While
this procedure is adequate for vocabulary identification it will not do for practical

communication in cperational environments. In these we must be able to identify the

occurrence of ERP components in the ongoing EEG activity immediately following single

occurrences of the specific rvents. The problem then becomes one of deveioping single-

trial signal extraction techniques (STSE).

6)

We have been developing STSE procedures for some time. Work conducted with
our present ARPA support indicates that Stepwise Discriminant Analysis (SWDA) proce-
dures allow correct classification of trials at a hit rate of 80 percent. This hit
rate is based on a crude application of SWDA. It is likely that STSE could be greatly
improved by combining data from multiple channels and by prefiltering the ongoing EEG
activity to eliminate energy in the "noise" bandwidth bef::e discrimination begins.
Development work on STSE could not begin in earnest prior to the identification of the
vocabulary and it is corntingent on computational power which will be at our disposal
according to present project plans. We intend to devote much effort to the single-
trial problem. The development of a STSE is contingent also on the development of
refined techniques to increase signal to noise ratio in the real-time evaluation of
performance. In fact, failure to "correctly" detect ERPs on single trials may often
be due to variability in the concomitant performance variables as much as it is due

to inherent '"nmoise' in the EEG. Thus the development of STSE techniques requires a
conjoint measurement of performance and EEG variables. We need techniques which lead

towards sufficiently accurate definitions and measures of single "performance" events,
P

which can then be correlated with their ERP ccunterparts. The investigation of this

B, el s Y
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problem and the development of such techniques will be directed by the Aviation
Research Laboratory. Both research piograms will be joined in an effort to improve
the real-time evaluatica of cognitive and behavioral events. All data collected in
all experiments to be conducted in the laboratory would provide a data base for the
development of STSE procedures. The operational environments in turn will be used

for specific demonstrations of these procedures as they emerge.

A.1.2 Research Plan

Three concurrent activity streams will be maintained during the next year.

a. The procurement and installation of hardware and software for recording ERPs
in simulacted cockpits and in a CAI installation.

b. Intensive development of STSE techniques and the implementation of at least
one demonstration in which a STSE is used in biocybernetic communication.

c. Continuation of work on vocabulary identification, using our existing
facility.

It should be emphasized that even though a major development effort will be re-

quired by activity stream a we plan to maintain a steady level of effort in the other

two categories. If the proposed personnel contingent is approved the installation of

the new laboratory can be accomplished with no reduction in our present rate of progress.
Moreover, we intend to support the use of our facilities by remote investigators as the

need arises.

Footnotes
(1) Gilden, L., Vaughan, H. G., Jr., and Costa, L. D. Summated human EEG potentials

with voluntary movements. Electroencephalography and Clinical Neurophysiol-

ogy, 1966, 20: 433-438.
Walter, W. G. Slow potential changes in the human brain associated with expec-

tancy, decision and intension. Electroencephalography and Clinical Neuro-

physiology, 1967, Suppl. 26: 123-130.
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motor potential. Electroencephalograpny and Clinical Neurophy. .ology, 1968,

25: 1-10.
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ceding voluntary finger movements. Experimental Brain Research, 1969, 1:

158-168.
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Research, 1970, 11: 309-317.
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and Clinical Neurophysiology, 1971, 30: 511-517.
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Clinical Neurophysiology, 1971, 31: 451-456.
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of signal uncertainty. Science, 1965, 150: 1187-1188.
Tueting, P., Sutton, S., and Zubin, J. Quantitative evoked potential correlates

of the probability of event. Psychophysiology, 1971, 7: 385-394,
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firming and disconfirming feedback following an auditory discrimination.

Perception and Psychophysics, 1973, 13: 25-31.
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v Donchin, E. and Cohen, L. Average evoked potentials and intramodality selective

attention. Electroencephalography and Clinical Neurophysiology, 1967, 22:
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Smith, D. B. D., Donchin, E., Cohen, L., and Starr, A. Auditory average evoked
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i Clinical Neurophysiology, 1970, 28: 146-152.

Hillyard, S., Squires, K., Bauer, J., and Lindsay, P. Evoked potential corielates

of auditory signal detection. Science, 1971, 172: 1357-1360.

(2) Donchin, E. A multivariate approach to the analysis of average evoked potentials.

IEEE Transactions, Bio-medical Engineering, 1966, BME-13: 131-139.

Donchin, E. Discriminant analysis in average evoked response studies: The study

of single trial data. Electroencephalography and Clinical Neurophysiology,

1969, 27: 311-314.
Donchin, E. Data analysis techniques in average evoked potential research. 1In

E. Donchin and D. B. Lindsley (Eds.), Average evoked potentials: methods,

results, and evaluations. NASA, SP-191, Washington, D.C., 1969, 199-236.

Donchin, E., Callaway, E. IIl, and Jones, R. T. Auditory evoked potential varia-
bility in schizophrenia. II. The application of discriminant analysis.

Electroencephalography and Clinical Neurophysiology, 1970, 29: 429-440.

Donchin, E., Kubovy, M., Kutas, M., Johnson, R. Jr., and Herning, R. Graded
changes in evoked response (P300) amplit.de as a function of cognitive

activity. Perception and Psychophysics, 1973, 14: 319-324.

Donchin, E. and Herning, R. A simulation study of the efficacy of stepwise
discriminant analysis in the detection and comparison of event related poten-

tials. Electroencephalogra,.y and Clinical Neurophysiology, 1975, 38: 51-68.
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Donchin, E. and Herning, R. I. A simulation study of the efficacy of step-
wise discriminant analysis in the detection and comparison of event

related potentials. Electroencephalography and Clinical Neurophysiology,

1975, 38: 51-68.

A.2 Summary of Accomplishments

The following summarizes the results of the research conducted during the report-
ing period in this laboratory with the support of Contract #US Navy W00014-76-C-0002 en-
titled "The Vocabulary of Brain Pctentials: Inferring Cognitive Events from Brain
Potentials in Operational Settings." Most generally stated we have:

1. Greatly expanded our knowledge of the P300 component of the
human event related brain potential (ERP), to the extent that
we now have a fairly good understanding of the variables
which control P300 amplitude and latency. Thus, strong infer-
ences can now be drawn from this ERP component about an oper-
ator's cognitive activity. More limited conclusions were
developed with respect to other elements of the ERP vocabulary.

2. Demonstrated conclusively that P300 can be detected without
recourse to signal averaging using stepwise discriminant
analysis.

3. Developed the paradigms in which the utility of a biocybernetic
communication channel could be evaluated within a pursuit track-
ing environment and within the CAI environment. :aitial experi-

mentation in both environments has been concluded.

These general statements are based on the following results:

A.2.1 ERP Vocabulary Elaboration

In reviewing the following results the reader should keep in mind that all per-

tain to the ERP elicited by task-relevant stimuli. The same sequence of phycical

T -~ ot s i
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stimuli presented to the same subjects while they perform tasks to which the
stimuli are not relevant fail to elicit a P300. It is this sensitivity of P300 to
degrees of task relevance which implies its putential utility in the Biocybernetic
applications we plan for FY 77 and the following years.

a. We have discovered thai the amplitude o! P300 is exquisitively sensitive
to momentary variations in a psychological variable we choose to call "expectancy."
We have demonstrated that the "expectancy” of an event varies as a function of three
variables, the number of like events occurring in the recent past, the specific
structure of the precedirg series of events and the a priori probability of the event.
Using a mathematical model based on these assumptions about expectancy we can explain
80% of the variability of P300. Specifically, the more "unexpected" an event, the
larger the amplitude of P300 it elicits (Squires, Wickens, Squires & Donchin, Science,
in press; see also Section D.1).

h. We have shown that the relation between P300 and expectancy is independent
of the modality of the stimulus used to elicit the P3J0 at least when we use visual
and auditory stimuli (Squires, Petuchowski, Wickens & Donchin, in preparation*).

¢. We completed a parametric study of the relationship of P300 to the a priori
probability of an event. The data confirm the results described in (a) above and

establish that the relation of P300 to expectancy holds over the entire range of a

priori probabilities from 0.10 to 0.90. Furthermor~, the data support the assumptior
made in our model that the effects of a prior: lity and of sequential constraints
interact in an additive manner to determine the plitude of P300 (Duncan-Johnson &

Donchin, in preparation).
d. We investigated ERPs elicited by compound stimuli, that is by simultaneously
presented auditory and visual stimuli. This study enabled an analysis of the behavior

of P300 when stimuli deliver redundant and non-redundant information. The data

*
Manuscripts are cited as being in preparation when drafts are ready for internal

review.
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suggest that it 1s possible to infer from the amplitude and latency of P300 to
which element of a stimulus compound a subject is directing attention (Squires, N.,
Squiree, K., Donchin & Grossberg, submitted for publication; Section D.2).

e. As P300 seems to be enhanced by stimuli which resolve the subject's uncer-
tainty, it was important to determine if resolving temporal uncertainty (i.e., deter-
mining when an event will occur) is as effective as resolving event uncertainty
(determining which event will occur). We completed a study which demonstrated that
P300 is not affected by temporal uncertainty (McCarthy & Donchin, in press; Section
D.3).

f. We have begun to investigate the role of the feedback value of stimuli in
determining P30C amplitude. When a stimulus which serves to indicate to the subject
whether or not he has pefformed some task correctly elicitsa P300, it turns out that
the amplitude of P300 varies with the difference between the intensity of the stimulus
which indicates to the subject that he performed the task correctly and that which
indicates errors. The bigger the intensity difference between the "correct" and
"error'" indicators the larger the P300 elicited by these stimuli. These data suggest
that the utility of a stimulus in a feedback loop affects the amplitude of P300.

g. We have shown that P300 latency is determined by the duration of the cogni-
tive activity.required of the subject before he can correctly categorize the eliciting
event. This result is very important. It establishes that the "late positive
components' whose latency may range from 300 msec to over 600 msec after the physical
eliciting stimulus are all instances of the P300 component. This experiment was also
important in demonstrating that different physical stimuli which belong to the same
semantic cateéory can elicit the same P300, if the subject performs the same cognitive
operation on the stimuli (Kutas & Donchin, in press; Section D.4).

h. An important aspect of the data obtained in all the experiments described
above 1s that in all cases P300 shows the same scalp distribution, with a maximum over

the parietal lobe ("association cortex"). Analysis of the scalp distribution of ERP
P P
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components is emerging as a major tool in the interpretation of the data.

i. We conducted a detailed analysis of the degree to which slow negative pre-
paratory potentials will show a differential distribution over the two hemispheres
as a function of the nature of the processing required of the subject (verbal vs.
spatial tasks). We do find su-h lateralization of the preparatory potentials. How-
ever, it occurs only when the Processing demands vary from trial to trial. No changes
are observed when the processing demands are uniform over the trial. Our data sug-
gest that the lateralization of the potentials changes in the amplitude of the poten-
tiale recorded over the left hemisphere rather than reciprocal changes in the acti-
vities of both hemispheres (Donchin, Kutas & McCarthy, in press; see D.5).

}. In a detailled analysis of all ERP components elicited during a categoriza-
tion task we have been able to dissociate clearly two additional endogenous components
of the ERP, the N200 and the Slow Wave. These data confirmed and clarified reports
from other laboratories. The N200 component promises to allow monitoring of fluctua-
tions in the focus of attention (Squires, Donchin, McCarthy & Herning, in press; see

D.6).

A.2.2 Single Trial Analysis Techniques

a. Sixteen subjects were presented with a series of tones, each tone either
1000 Hz or 1500 Hz. The a priori probability of the 1500 Hz tone was 0.10. These
rare tones, elicit, of course, a P300. When these data are used to develop for each
subject, a discriminant function we find that we can classify correctly over 80% of
the individual stimuli obtained from each subject (Squires, Donchin, in press; see
D.7).

b. The generality of the discriminant function was evaluated by developing a
cross-subject function using the data from all subjects and testing this function both
on the data of each of the 16 subjects and on data obtained from seven new subjects.
In all cases the classification performed quite well, percentages of correct classifi-~

cations ranging from 64 to 77% (see D.7).
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c. While an 80 correct classification rate is remarkable we pursued the possi~
bility that the "misclassifications" reflect real changes in the subject's response
to the external stimulus. The search led to the discovery of the dependence of P300
on the sequence of preceding stimuli (A.2.la). We then conducted a study in which the
a priori probabilities of the two stimuli were equal. The discriminant functions are
now developed on the basis of the two extreme expectancy conditions (that is, we dis-
criminate between all stimuli preceded by four identical stimuli and all stimuli pre-
ceded by four different stimuli). This classification in terms of expectancy appears
to identify correctly the expectancy associated with each stimulus in the sequence.,
This study demonstrates that single trial identification of the subject's cognitive
response to the stimulus is feasible.

d. We have shown that discriminant functions developed on the basis of auditory

sequences can be successfully applied to visual stimuli and vice versa.

A.2.3 Operational Environments

a. Two studies were completed, each using six subjects, in which ERPs were re-
corded while the subjects performed a pursuit tracking ta<k. The difficulty level of
the tracking was systematically manipulated. The experiments helped to identify tne
problems encountered during such tests. Most of the problems have by now been solved
and systematic experimentation has begun. The data obtained in the first two experi-
ments are inconclusive and indicate several sources of uncontrolled variation in
subject motivation and performance which have been corrected. The data, however, do
indicate that ERP waveform changes with subject's task load. However, the patterns
varied from subject to subject. In an attempt to force a more uniform strategy on the
subjects the experiment has been redesigned using compensatory rather than pursuit
tracking tasks.

b. Several experiments were conducted in which ERPs were obtained from the
subject interacting with a Plato terminal. Again the problems associated with record-

ing in this complex eunvirorment have been identified and many were solved. These
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studies have led to the selection of the Drill and Practice paradigm ac the proto-
typlcal CAI task for testing the efficacy of the biocybernetic channel. (Drill and
Practice 1is the set of procedures whereby a student is helped in memorizing lists of
items.)

In summary then, we have been successful in our pursuit of the vocabulary of
ERPs and in developing the techniques for real time use of the endogenous ccmponents
of the ERP. In addition, at the end of this first year of the project we completed
on schedule the development of the facilities for studying ERPs in semi-operational
environments and are already deep into the experimental phase of this aspect of the

program.

A.3 Analysis of Milestones

We list here the project's milestones as outlined in the original propcsal for
the reporting period and review the exten* to which we attained each.
Milestones

July 1, 1975 - Issue formal purchase orders for all required equipment.

Done.

- Install Plato terminal and begin ERP recordings.

Done.

September 1, 1975 - Begin recording ERP in Aviation Research Lab's GAT-2

Simulator.

The feasibility of such recordings has been es-
tablished. However, due to the cost involved 1in the use
of the GAT-2 and other ARL facilities it was decided to
restrict all experimental activity to the premises of the
Cognitive Psychopnysiological Laboratory during the first

two years of the project.

e Lt e e s s
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id - Complete study of Cross-modal P300 as well as CNV-RP

T studias. Submit for publication.

L1
Done.

I - Provide on-line demonstration of the feasibility of

single trial techniques in the detection study.

;I Done. We used the "odd-ball" paradigm instead of the
- detection paradigm.

- Complete installation of all lehoratory equipment system.

-

Begin software installation.

xw

Done.

i December 1, 1975 - Complete installatiun of 11/70 system.

Done, except that instead of the 11/70 we acquired
and installed the Harris Slash 4 (to be replaced by a
Slash 7 in August 76).

- Complete first ERP/tcracking study.

Done.

April 1, 1976 - All 4 computers in the network fully implemented and

interconnected.

Partially done. All computers are functioning. The
computers are also interconrected using 300 baud lines.
The DECNET software, however, was delivered by DEC in
e May, 197¢ (8 months behind scheduls} thus the full
implementation of an online network has been delayed
and is now scheduled for September, 1976.

- Connection to ARPANET complete.

It was decided not to connect the laboratory to the
. ARPANET. The Harris' computational power made us fairly

e independent of off-site computers.

Ak 4
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- Specification of CAI-ERP studies completed,

Done.

At least 4 ERP vocabulary studies submitted for publi-

caticn.
Done.

PDP 11/70 and rest of network used in at least one on-

line experiment.

Awaits installaticen of DECNET. However, ali links in
the chain on each of the networks components is now
fully functional.

Standard procedures available for all ARPANET data

storage and data analysis.

Implemented on the Harris.

STSE procedures standardized for rest of project.

Partially done.

ARL recording techniques fully developed. At least

sne ERP experiment completed at AR..

Postponed. Budget does not permit and project needs
do not justify use of simulator. These activities are

now scheduled for FY 78. Note that ARL personnel are

actively involved in project and in experiments at CPL.
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SECTION B

THE FACILITIES OF THE COGNITIVE PSYCHOPHYSIOLOGY LABORATORY

B.1 Introduction

The Cognitive Psychophysiology Laboratory (CPL) is dedicated to the study of
electrocortical, and other psychophysiological, manifestations of cognitive processes.
The Laboratory's primary interest is in elucidating the functional significance and
physiological basis of such endogenous components of Event Related Brain Potentials as
P300 and the CNV. This interest is expressed within the framework of an attempt to
develop Biocybernetic man-machine communication channels which by enriching the infor-
mation aveilable to a computer-driven system about its operators, may enhance the
performance of the system.

The Laboratory's main source of support is the Uybernetic Technology Office of
the Advanced Research Projects Agency of the Department of Defense. The CPL's con-
tract with ARPA is one >f several contracts which ARPA's Biocybernetics Program,
managed by Dr. Craig Fields, has awarded to investigators in universities and o:her
Lesearch organizations. In addition to its own research program, the CPL serves to
test the applicability of findings developed by other investigators in the simulated-
operational environments it has developed.

The CPL 1is directed by Professor E. Donchin and its scientific staff consists
=i collaborating faculty members, post-doctoral Research Assoclates and graduate
students. These are aided by a technical support staff of engineers, programmers,
technicians and secretaries. The Laboratory is fully integrated in the Department of
Psycholngy of tlie University of Iliinois. Appointments at the Laboratory at all

levels are made through the Department and all personnel must meet the Department's

acceptability criteria.
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B.2 Description of Facilities

B.2.1 General

The Cognitive Psychophysiology Laboratory occupies aver 3500 square feet in the
Department of Psychology's building. The building, opened in 1969, has been well
designed to meet the needs of research in Psychology. There are extensive shop facili-
ties, a good animal colony, computer facilities with easy access for data paths from
all parts of the building and good control over illumination and other environmental
conditions. The lahoratory wing is exceprionally free of electrical and elec.rostatic
noise, easing the burden of the psychophysiologist.

The Department of Psychology has been generous to CPL in allocating both labora-
tory and office space. Cramped but adequate office-space is available for the entire
staff and for data-storage and data-analysis. The laboratory space houses the CPL's
Harris Slash 7 computer, three computer-based laboratories and such auxillary services

as a shop and a computer t-imir il room.

B.2.2 The Network: OQverview

The functional organization of the laboratories is shown in Figure 1. A Star
network of computers supports the laboratories. At the center of the star is a PDP
11/40 computer whose prime finction is to manage the operations of the Network. This
computer is referred to as t%= Front End (FE) and is driven by the RSX11D/DECNET
package supplied by Digital Equipment Corporation. Through the services of DECNET
it interconnects the three laboratory computers with each other, and all three with
the Harris Slash 7. [Note: While all components of the Network are operational when
this 1s written (7/1/76), the DECNET software has been installed but the Harris - DEC
interface is yet :0 be completed. Implementation is underway and the Network is
expected to be operational by Sept. 30, 1976.]

One of the four outer points of the star is the Harris computer. This is a "Midi"
computer, fully described below, which can support most of the data reduction and

data pcocessing needs of the Laboratory. This it can do both for previously acquired
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data or online through the Network.

At the other three ncdes are three computers, each supporting a Psychophysiolo-
gical Laboratory. These use a PDP11/40 (GT44) supporiing a Human Performance Lab, a
PDP 11/10 (GT40) which is attached to PLATO, the University of Illinois' Computer
Assisted Instruction System, and a PDP 8/e which supports both a standard experimental
psychclogy lab, and a facility for studying the relation between cortical activity

and motor behavior in humans.

B.2.3 The Laboratories

B.2.3.1 General Features

All three labs share the following features:

(a) All experimental control and data acqusition are under computer
control.

(b) The laboratory computer can support a moderate degree of on~line
data analysis and extensive information on the progress of the
experiment can be provided on~line to the investigator.

(c) Experimental control, data~acquisition and on-line feedback are
all controlled by Fortran-callable assembler subroutines. Thus
while the computer's speed aind power can be applied to its tasks
the investigator r_ed program in FORTRAN only.

(d) Data acquisition is all-digital. Both raw data and processed data
are stored on 9-track, induitry compatible, magnetic tapes during the
experimental sessions. (Analog data recording is still required in
the 8/e supported laboratory. This lab will be converted to all-
digital operation in 1977.)

(e) Each laboratory has the following components:

(1) Stimulus generation and response~-logging equipment.
(2) Psychophysiology recording system (mostly for F&G).

(3) A computer.

i i g, 1> : y i
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(4) Experimenter display and control station.
The following sections will briefly describe each of the three laboratories.

B.2.3.2 The Human Performance Laboratory

A detailed block diagram of the lab is shown in Figure 2. At the core of
the lab 1s a GT44 computer system. This is a PDP 11/40 with a special display pro-
cessor (VT17). Notable is the extensive configuration of this GT44. It is equipped
among other things with memory management, 54K of core, 2 disks and 2 tape drives.

A wide range of stimulus generating equipment driven by an Iconix system is available
(e.g., a 4 field Tacnistoscope, tone generating equipment, etc.). In addition, a
Megatek display is used in generating a tracking display. Targets following fairly
complex paths are generated on an oscilloscope screen and the subject can control

the screen display via a joystick according to the experimenter's instructions.

As an example of the laboratory's capacity we describe one of our current
experiments: Subject is performing a two-dimensional tracking task. The target
is driven by the computer which also monitors the subject's joystick. The target
behavior is changed adaptively, on-line, to achieve a prespecified performance level
by the subject. While tracking the target the subject is presented with a series of
tones, each of which may be either high (1500 Hz) or low (1000 Hz), acrording to a
computer determined random schedule. The subject's EEG is digitized continuously from
12 electrodes. Epochs of EEG Just preceding and just following the tones are stored
on digital tape. These same epochs can be displayed to the investigator. At the
same time the average event rela’«d potential is computed, stored on another digital
tape and may be displayed to the investigator. A record of the subject's performance
both on the tracking task and on a secondary task associated with the tones is also
kept on tape. A summary of the session results can be printed out. At anytime during
the session the investigator can easily change any of the parameters controlling the
experimenter.

B.2.3.3 The PLATO Laborate .y

A block diagram of the laboratory is shown in Figure 3. The figure shows
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the final configuration of this lab which should be completed by September 1, 1976.
A more limited configuration is currently in use.

The laboratory is based on a GT40 (which is an 11/10 with a display pro-
cessor), with 16K of core, a disk and one digital tape deck. Its mode of operation
is much like that of the Human Performance Lab with the limitations imposed by its
smaller configuration.

The laboratory, however, is unique in that it serves as an intelligent
terminal for the PLATO system. Its intelligence extends to the capability of record-
ing psychophysiological responses associated with any specific event or class of
events in the PLATO lesson. The access to PLATO provides a unique opportunity to study
the psychophysiology of the instructional process. In addition, PLATO's extensive
computing power coupled with its rich graphic display capabilities provide the user
with unprecedented power to design complex experiments in human information pProcessing.

It should be noted that an as yet unrealized benefit of the PLATO connec-
cion is that it provides users of the PLATO network direct access to our network.

As any PLATO terminal can communicate with any other terminal, remotely located
terminals can be provided with full access to the CPL's own n-twork (albeit at speeds
not exceeding 300 baud).

In a typical experiment the subject will be progre:.ing through a PLATO
drill and practice lesson. The sequence of PLATO material is intercepted by the GT40.
This allows tighter control of the timing properties of the display. Moreover, the
GT40 can initiate PLATO-related digitizing of EEG in relation to either stimulus or
response events in the lesson. The data are displayed to the investigator and/or
processed and stored for further analysis. |

B.2.3.4 The Moter Performance Laboratory

A block diagram of this laboratory is shown in Figure 4. The central com-
puter is a PDP 8/e with 16K of core, one disk and assorted peripherals. This labora-

tory is also equipped with a Hewlett Packard 3955 14 channel FM tape recorder. All
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data are recorded on tape and digitized off-line on an IBM 1800 in the Psychology
Department's computer facility. We plan to upgrade the system during 1977 to allow
digital recording of the data. This will be done either by adding equipment to the
PDP 8/e or by replacing the 8/e with another fDP 11.

The lab is equipped with a 3 field Iconix T'scope, and the usual array of
tones can be generated. A unique feature is a bimanual electronic dynamometer with
which the force exerted by isometric movements of the subjects can be measured with
considerable precision. The PDP 8/e is equipped with an interface to the PLATO ter-
minal which allows the terminal's digital output to trigger actions by the computer.
A limited range of PLATO related experiments can be conducted in the lab.

A typical experiment has the subjects Squeeze one or the other of the dynamometers
with the right or the left hand. Scalp potentials associated with the movements are
digitized online by the PDP &/e and the averages are displayed to the investigator.
The EEG is continuously recorded on the FM tape in conjunction with event labeling
pulses. The data are subsequently digitized and averaged on the IBM 1800 and the
Harris computer.

B.2.4 The Harris Slash 7

The data acquired by the three laboratories is processed by this computer, a
block diagram of which is shown in Figure 5. This 24 bit computer is equipped with
three tape drives, two 80 MB disk drives and a 1.7 MB fixed head disk. Large data
bases can be kept on the disks for analysis. The Harris can execute fairly elaborate
statistical programs. We have, for example, implemented several programs of the BMD
package, including the Principal Components Program (BMDO8M) and the Stepwise Dis-
criminant Analysis Program (BMDO7M). Both are applied to data bases consisting of
hundreds of 80-150 element veziors. The Harris can execute programs requiring up to
256 K words by utilizing !ts virtual memory feature. It can, in fact, execute
several such programs in parallel.

Most of our work is done in FORTRAN, though the Harris supports BASIC and SNOBIL

s i i 2 Ll b L
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as well as RPG. 1Its VULCAN operating system includes several important utilities,
such as a SORT/MERGE package and a full accounting system. VULCAN has combined time-
sharing and Batch capabilities, and the system can be accessed via 7 time sharing
ports, three of which are available to remotely located investigators through Dial-
in lines.

In addition to the BMD programs we have already implemented on the Harris a Time
Series analysis package and a FORTRAN callable version of SOUPAC, the University of
I1linois statistical analysis package. A variety of programs are also available for
managing psychophysiological data bases. A measure of the system's power is the
fact that it currently supports almost the entire data processing needs of the Cogni-
tive Psychophysiology Laboratory. These needs were previously met by the Computer
Services Office at Illinois and the CCN facility at UCLA. [Please note that while
this section refers to the Harris Slash 7, we have as yet a Slash 4 only. This
machine is substantially slower than the Slash 7. The Slash 7 will be delivered in
the next couple of months.]

As soon as the link via DECNET is established between the Harris and the labora-
tory computers network, data could be streamed to the Harris during an experimental
run. This will be done if, and when, data processing at a level exceeding the capa-
city of the PDP 11 will be required to determine the course of an experimental run.
Thus for example, the Harris may be called upon to develop a discriminant function
to be used during an experiment, to estimate the parameters of an adaptive filter, or
to perform the computations required by the more complex displays.

In addition to its role as the prime number cruncher for CPL, the Harris will
support a wide range of ancillary activities. We ordered an Imlac PDS-4 graphics
terminal to allow interactive examination of the ERP waveforms. A Houston plotter is
already on site. Other activities may rarge from manuscript preparation to biblio-

graphic services.
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SECTION C
THE USE OF EVENT-RELATED~POTENTIALS IN THE ENHANCEMENT

OF MAN-MACHINE SYSTEM PERFORMANCE

This section presents our current thinking on the manner in which a Biocybernetic
communication channel can be incorporated in a man-machine system to improve system
performance.

The enhanced understanding of the ERP vocabulary cogether with the improved
ablility to read the vocabulary on single trials enables an acceierated exploration of
the applications of the vocabulary in man-machine interactions. Two avenues of appli-
cations emerge from the present research. One related to the evalua“ion of operator's
workload, task difficulty and spare capacity by using probe stimulus techniques and
secondary task paradigms. This application is thoroughly discussed in Section C.1,
together with a description of our preliminary experiment using a tracking task.

We also plan to pursue the enhancement of performance in multistimulus, multi-
event time-varying situations, such as failure monitoring on multi-instrument panels,
Alr Traffic control situations, and C.A.I. lessons when students are presented with
complex multielement displays. In all of these, due to temporal or other constraints,
the operator attends selectively and processes actively only part of the available
information for all practical purposes ignoring the rest. Stimulus selection is
governed by a complex weighting functica which is, for the great part, subjective and
impossible to reconstruct from the final observed response. An index of selective
attention that continuously indicates the events attended to can greatly enhance the
efficiency of man-machine interaction. In failure detection and in air-traffic con-
trol situations such an index may be utilized to design improved warnings and informa-
tion presentation algorithms. In other sjtuations it may be used in computer aided
decision making. In the C.A.I. environment it may be employed in the development of

better material and student evaluation procedures, training schedules and branching

techniques.
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The results reviewed in other sections of this report support the idea that
ERP can serve as such an index of selective attention. It was shown that ERP and
in particular the P300 component is associated only with stimuli that were percuived
as relevant and were actively processed. It was further shown that a complex (bi-
modal or otherwise) situation can be decomposed so that the stimulus attended to
can be identified. These results are also supported by earlier experiments from
this lab. As we can identify these components on a trial to trial basis there is
a strong indication they can be used in real environments. Finally, there are ssme
indications that with the help of ERP measures we may be able to distinguish between
failures of performance that originate from stimulus rather than from response selec-
tion preblems. This is an important theoretical and practical distinction in the
context of the complex command and control environment.

Section C.2 discusses in more detail the problems we shall address in the CAI

environment and preliminary experimental plan.

.1 Psychophysiological Measures in ihe Adaptive Man-Machine System

The remsrkable developments in mini- and micro-computers is transforming the
design of man-machine systems. The computer industry is producing smaller, faster
and more economical computers. It is, therefore, increasingly easier to incorporate
computers as control components in man-machine systems with striking effects on the
flexibility of the systems. Most notable is the increasing prevalence of adaptive
vystems. In these the computer can affect the nature of the man-machine interaction
hy implementing dynamically, an opt-mizing algorithm. System behavior can be adjusted
to the continually changing states of the operator, the environment and to the
interactiIon between the two. This flexibility depends on an exchange of information
between the operator and the machine. Within the framework of a computer based system
it is possible to couceive of novel channels of communication to supplement conventional
display and conirol interfaces. This report describes a program, which is one of

several Biocybernetic programs supported by ARPA's Cybernetic Technology Office, which
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seel.s to develop such a communication channel utilizing information which can be
deried from brain-waves.

The enviroament for which we developed these channels is exempliZied by the
hypothetical high performance aircraft with on-board computer facilities represented
in Figure 1. The conventional Display, Pilot, Control and Plant components are
supplemented by various performance aids which can be implemented or adjusted on-line.
These may consist of the addition or removal of predictive display infermation, an
alteration of the Control or Plant dynamics along various axes or perhaps the assump-
tion of control of certain tasks normally performed by the operator. 1In order that
these adaptive decisions be made intelligently bLy the on-board alding center, a
managing computer or Decision Center shown in Figure 1 must be well informed. The
information it requires includes obviously characteristics of the mission, the status
of other aircraft, vehicular disturbances and ground controlled inputs. Additionmally,
it would be extremely useful to the Decision Center to have estimates of two important
aspects of the opere*ur's attentional state: what information he is processing or
ignoring at any time (selective attention), and his overall level of workload or
involvement with on-going tasks. Operator workload in this sense is often conceptualized
as a variable that is recinrocally related to the amount of residual attention avail-
able to deal with unexpected environmental contingencies (1).

Various performance wmeasures are traditionslly used to index attention and work-
load. These have been found to provide adequate indices »i both aspects of the atten-
tional state. For example, in a multi-display selective attention task, the alloca-
tion of attention between sources of discrete stimuli has been revealed by response
latency (2,3) or accuracy (4). Attention allocation to continuous tasks has been
successfully identified through changes in tracking gain (2,4), information transmitted
(4), time delay (5), holds in the tracking output (6,7), remnant or observation noise
(8,9}, or by more complex coefficients of a linear discrete time series model (10).

Operator workload or residual attention has often been measured by the "secondary
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task loading" technique (11). The operator is presumed to possess some limited
quantity of processing resources which can be distributed among various tasks. As a
primary task is made more difficult--its workload demand increased--a greater quantity
of the limited resource is required to maintain criterion performance, and conversely
a lesser amount remains to perform the secondary task. As a consequence, secondary
task performance decreases, serving as an index of primary task difficulty. Such
techniques have proven reliable in comparing different display or control configura-
tions (12), or in validating subjective estimates of control task difficulty (13).

While performance measures do serve adequately as indices of selective attention,
their use is necessarily restricted to tasks in which overt responses are produced.
Thus they are inappropriate for a class of tasks that are becoming criticaily important
in modern system control: passive monitoring during which few overt responses are
emitted by the operator. To assess the allocation of attention during a monitoring
task, periodic probe events must be inserted in the environment and an overt (detection)
response to the probes required. Such probes are of necessity disruptive to ongoing
performance. The difficulties encountered by an on-line assessment of workload
through secondary task loading are more severe. The secondary task performance may
well disrupt performance on the primary task with possibly critical consequences. It
may also "saturate" the residual attention that it was designed to assess.

Even in situations where the above restrictions are not encountered (for
example divided attention between two information transmission tasks), a further limi-
tation upon the usefulness of performance measures is presented by the inherent response
variability which precludes reliable estimates of attention-sensitive parameters from
a single observation. Thus assessment of any or all of the performance measures
described above must involve a number of behavioral observations taken over time, a
requirement which further limits the usefulness of these measures in closing an on-line
adaptive loop such as that shown in Figure 1.

The shortcomings of performance measures point to an urgent need for additional
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sources of information which can either supplement or, as in the monitoring and
workload-measurement situations described above, replace the performance measures in
providing information to the Decision Center. It is for this reason that we have
initiated an investigation to determine if psychophysiological measures can serve as
indices of human information processing characteristics. Psychophysiological measures
have two important properties that counteract the drawbacks of performance variables
pointed out above. (These advantages are, of course, purchased at the cost of
increased complexity in measurement. The cost effectiveness of these procedures is a
matter for future research and will not be discussed here.) It is reasonable to
assume that the inherent random noise sources which perturb, or contribute to the
variability of psychophysiological measures are relatively uncorrelated with the
sources or performance variability. Assuming an independence of the noise sources,
the information provided jointly by both signals in any given observation period
should be of greater reliability than the information provided by either source alone.
In other words the time required for a Decision Center to obtain an estimate of the
subject's internal state at a given level of reliability will be reduced when esti-
mates are based upon j. 't measures.

The second advantageous feature of psychophysiological measures is that, with
proper instrumentation, they may he assessed in a manner that is less disruptive to
ongoing performance than the monitoring "probes" or the secondary tasks discussed
above. One example of the potential usefulness of such measures has been provided
by another Biocybernetics project in which Beatty (14) has demonstrated the utility
of pupil diameter as a measure of the operator's cognitive processing load. Our own
efforts focus on the scalp recorded event-related-potential (ERP) as a source which

may provide useful information concerning the operators cognitive state.

C.2 The Event-Related-Potential

PRI

The ERP is a transient voltage change in the brain which is elicited by any

discrete event, and which may be recorded by surface electrodes attached to the scalyp.
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Superimposed on the ongoing EEG, the ERP extends for at least 500 msec. and igs
characterized by a series of distinct positive and negative~going peaks with charac-
teristic latencies following the stimulus (15,16). The amplitude of the different
peaks appears to be sensitive to physical and informational characteristics of the
stimulus. The multivariate nature of the ERP provided by the separate peaks reinforces
its potential value in providing considerable information to an on~board computer.

Although normally the ERP to a single stimulus is masked by the on-going EEG
voltage, rendering it difficult to identify from a visual record, multitrial averaging
techniques can serve to cancel the noise contribution apd provide an estimated ERP
associated with an event. Alternatively, and of critical importance for on~line assess-—
ment of behavior, a wide variety of techniques are being developed and implemented as
a part of this project which will enable successful identification and classification
of the characteristics of an ERP on a single trial (17,18). Such techniques include
frequency domain filtering of EEG activity, iterative time domain adjustment to
reveal peaks (19) or application of linear discriminant analysis (20).

Although the success of ERPs as indicants of attention in a complex cockpit~like
environment has not been established, there is nevertheless strong experimental evi-
dence that components of the waveform are sensitive to attentional manipulations.

Thus for example, Donchin and Cohen (21) have found that the amplitude of the late
positive peak of the waveform (P300) reflects the allocation of attention to each of
the elements in a two element visual display. This finding has been replicated in the
auditcery modality (22,23). Earlier components of the waveform have also been found

to be enhanced by focussed attention (24,25). Clearly then, the evoked potential does
reflect all-or-none diecrete shifts in attention as defined by the relevance or non-
relevance of an information source.

There is much less validation in the literature of the ability of the ERP measures
to distinguish between levels of workload or attention on a centinuous nr graded basis
in a manner which has been established with performance variables (e.g., 2,5). 1In a

study in which ERPs were recorded to stimuli in a two-channel signal detection task,
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Lafayette, Dinand and Gentil (26) were able to observe changes in the early positive
and negative compoaents of the ERP as the stimuli were made more or less relevant by
instructioual manipulations. In a second study, they found reliable changes in the
early components of the ERP to detected tones as the workload of a secondary cognitive

reasoning task was manipulated.

C.3 Preliminary Experimentation

We are currently investigating the capability of ERP measures to reflect the
subject's information processing characteristics in an environment that simulates more
closely the control and monitoring tasks confronted by the pilot. Our basic experi-
mental approacli is to record ERPs to rrobe auditory or visual stimuli. These pProbes
are either irrelevant to the tasks performed (and may therefore be ignored by the
subjects), or require only a minimum amount of cognitive processing, thus avoiding
any disruption or primary task performance. In a selective attention/monitoring
paradigm, the probe stimulus may occur along one of the relevant channels, displays
or information sources to determine if the elicited ERP will reflect the extent to
which that source is being processed. The stimulus attribute of the probe will how-
ever be different from the attributes of the channel that is relevant to the monitor-
ing task. That is, if the subject is monitoring a visual channel for a spatially
defined event, the probe will involve an intensity-change. Alternatively, in a
divided attention processing task, the ERP-eliciting stimuli can be the same stimuli
as those that are processed and responded to in the performance of the tasks. Finally,
in a workload manipulation paradigm, the probes are presented along channels that are
totally irrelevant to the primary task performed, in order to determine 1if the
elicited ERP's will reflect the residual attention available from that task as its
wo~kload is manipulated.

We have investigated ERP's and residual attention in a pilot experiment in

which six subjects performed a two-dimensional pursuit tracking task with dynamics

of the form N T &
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on both axes. Twelve 3-minute practice trials were first presented to bring the
subjects to a stable level of performance via adaptive techniques with forcing
function cutoff frequency employed as the adaptive variable. ‘

ERP's were next recorded in two workload manipulation sessions. The probes
consisted of a Bernoulli series of rare and frequent tones differing in pitch. The
two sessions differed from each other according to whether the probe stimuli were
ignored or processed. '"Processing' involved maintaining an internal count of the
number of rare stimuli that occurred during a trial (see Figure 2),

Within each session, workload was manipulated by two different methods (Figure 3).
First, the forcing function bandwidth was increased and decreased by 30% from the
asymptotic level, achieved by each sublect in the adaptive practice session. This
generated 3 different levels of objective task difficulty. Then, based upon the per-
formance of each subject in the intermediate and high bandwidth conditions (moderate
and large error respectively), two target diameters were selected, equal in value to
the RMS error measured for each subject in those two conditions. A third, larger
diameter was also selected of proportionately sreater size. In this manner the manipu-
lation of target diameter, or required error tolerance was 'calibrated" for each
subject according to his sensitivity to the bandwidth manipulagions, the object of
this calibration being to obtain equivalent manipulations of subjective performance
demands across all subjects. Tracking under the three target sizes was performed at
the constant intermediate bandwidth level. It was therefore assumed that progressively
more residual attention would be made available from the tracking task as the error
tolerance (and obtained error) was increased.

The two particular worklvad manipulations employad may be placed ir context by
assuming that the attentional demands or subjective difficulty of a task is a joint
function of its objective difficulty (e.g., task characteristics such as input band-
width or dynamics), and the performance level required (in the present case, specified
by the target diameter). What we have done then is to manipulate each of these

dimensions of difficulty separately, while holding the other constant.
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The logic of the tracking task, probe signal presentation and ERP recording
was controlled by a PDP 11/40 computer (27). ERP's recorded from 3 electrode sites
were amplified and were displayed on-line via a GT-44 graphics display terminal. The
data was also recorded on digital tape for later off-line analysis and plotting by a
Harris computer.

The preliminary data ttus far collected has indicated that stable ERP waveforms
can in fact be elicited by probes under the high levels of primary task workload re-
quired in the experiment. At this writing the data are being analyzed and it is
already clear that there is a substantial degree of individual differences in the
shape and temporal characteristics of the waveforms. These may well be related tn
different strategies that subjects adopt in performing their assigned tasks, and
these strategies will be investigated through future analysis of thne tracking data
i1 the time and froquency domain. It appears however that there is some consistency
within the waveforms of a given subject. In this case the between-subject variability
presenis no serious difficulty and may well prove useful in assessing individual
differences in performance. In a seuse, calibrating an ERP analyzer to the physiolo-
gical response characteristics of an individual operator imposes no greater engineering
demands than custom designing the helmet or flight suit to his anthropometric charac-
teristics.

At this point, the state of our research is too preliminary to draw firm conclu-
sions concerning the effecis of attentional manipulations upon the event-related-
potentials. However, given the proj.:ted importance of nondisruptive mweasures, and
the established sensitivity of such measures to certain attentional variations in the
laboratory, we are sufficiently encouraged to pursue the direction of experimentation

outlined above.
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C.4 Biocybernetic Feedback in a CAI Environment

Computer Assisted Instruction (CAI) was to provide an individualized learning
environment which could improve both the rate and the level of learning. Early
enthusiasm has waned somewhat as the great expectations were not fulfilled (Watson,
1972; Jamison, Suppes, and Wells, 1974). A re-evaluation of the underlying initial
assumptions has led to a diminution of dependence on the analytic, theory baned
approach to the design of CAI materials. Today the development of instructional
materials on the PLATO CAI system generally proceeds according to e tistic and
empirical methods (Bunderson and Faust, 1976). Often used together, the artistic

approach relies on the early intuitions of the instructional designer to assure
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creation of quality materlal, and the empirical approash uses a cycle ¢f construc- j
tion, testing, and revision in order to produce valid instruction. Both exnloit and
explore the interactive nature of the medium, emphasizing its ability to individualize
the questioning, fezecback, and routing process based on inputs from the student
(Avner, 1976; 5t~ nberg, 1975; Nievergelt, 1975).

BesiZeu the practicsl goals of producing quality instruction, the implicit
g al of this exploration is to discover new theories of interactive education. We
share their goal in our attempt to add bioc bernetic feedback to the CAI environment.

C.4.1 Problem

lhe acronyms PLATO and TUTOR (the language used on the PLATO system) both imply
the providing of a dialogue context between the student and the computer which can
offer the rich Interaction that exists between a human tutor and student. Both human
and computer tutors will alwaye have =omz difficulty communicating; however, the
human tutor curre: rly has both a much greater capacity for wudcrstanding the student
than the computer does and can achieve a quantitatively better information exchange
ratio than the computer can. CAI systems have traditionally been ‘irapped by
their inability to disambiguate natural language inputs. Both the eral and conno-
tative meanings of words change with even a slight chen; .1 context. The TUTOR
language addresses this problem by providing a uniquely rich selection of context
establishing procedures for evaluating student responses (Tenczar and Golden, 1972;
Sherwood, 1975). Nevertheless, understanding even simple student inputs still remains
a time consuming process for the developer, and results in oversized instructional
programs.

The other disadvéntage of CAL is that ite ‘nformation exchange rate is still
heavily biased in favor of computer to student interactions. Sherw d and Stifle
(1975) have reported that the information transfer rate for a typical PLATO lesson
is approximatcly 100:1 ir favor of the computer. Because of the overhead for analy-
zing natural language inputs, it is unlikely that quantitatively increasing student

initiated information without a qualitative improvement would be all that beneticial.
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In an attempt to provide such qualitatively different information, the PLATO system
has expanded the communication modes available to the student by providing typing,
touching, and a variety of peripheral devices such as a joy stick, music box, and
passenger car simulator (Wood, 1975; Trollip and Ortoney, 1976; Peters and Colwell,
1975; Parker and Voss, 1975).

We will attempt to improve on this '"bottleneck'" for student-initiated communica-
tions by providing a biocybernetic feedback channel which can transmit information to
PLATO about the attention, expectation, and level of understanding indicated by the
student along with traditional communications. Such internal "state" indicators which
can be consciously tapped are regularly used for self-instruction, and the non-verbal
communication channel used by a human tutor receives this kind of information through
external signs exhibited by the student, such as changes in physical posture and
voice quality.

Despite the expanded exvironment and four years of experimentation, PLATO instruc-
tion has yet to demonstrate that it can more than equal the accomplishments of tradi-
tional classroom instruction. The information exchange ratio predicts that PLATO
should teach about as well as a classroom teacher. Results of attitude questionnaires
indicate that students enjoy, and often prefer, using PLATO; but it is obvious to
them that CAI has not yet "arrived." They have too often been bored or frustrated
by simplistic and incomprehensible questioning sequences which are unfortunately
still typical of much instruction. The addition of biocybernetic feedback to the
PLATO environment could help move PLATO toward its goal of individualizing learning.

A similar attempt to tap the student's understanding of his/her learning state
directly has been to place the learner in control of the instruction process (Anastasio
and Morgan, 1972; O'Neal, 1973; Pask, 1976). CAI systems such as TICCIT (Bunderson,
1973) which use this approach place the computer in the role of an augmented informa-
tion retrieval system, and require that the student make operational decisions. The

theory behind the approach asserts that the student will mak: more competent selection
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decisions than a computer based on personal, intuitive knowledge about the learning
state; and will gradually develop superior learning strategies. Recent experimenta-
tion on the PLATO system, however, indicates that students select their initial
learning strategy from cues such as the inde- “angement, and do not change this
strategy with experience (Elliott, 1976; wahey, 1976). Dwyer (1975) among others
has discussed the need for careful guidance by a human teacher or a computer in order
to teach learning strategies. The student state information which can be provided by
biocybernetic feedback is thus needed for both goals in the CAI environment, and
cannot be bypassed by placing the learner in control.

C.4.2 Research
Our expectations are that we can eventually use biocybernetic feedback to improve
CAI on all levels: student-computer communication, formative evaluation of existing
material, teaching learning strategies, and the development of theories of interactive
instruction. Our initial efforts will emphasize the augmentation of student-computer
communication in four areas, 1) determining mastery of drill items (rote learning,
simple memorization tasks), 2) deciding when it is necessary to question during long
textual presentations, 3) evaluating the instructional success of specific questions,
and 4) applying the results of applied tracking research involving measures of
effort and attention measurement to dynamic training simulations.
C.4.2.1 Drill
This investigation will explore the relationship between ERP measures,
performance, reaction times, and behaviorally indicated confidence of mastery, with
the aim of using the student's perception and evaluation of the learning task to
improve the rate of learning. The presence of the P300 component of event-related
potentials has been repeatedly correlated with variables of uncertainty, expectancy,
and confidence (Squires etal., 1976; Tueting, 1976). By using this component as an
on-line source of biocybernetic feedback, we hope to obtain information about the
student's confidence in the correctness of a given response.

The confidence indication will be used to supplement a traditional decision
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model for drill instruction, such as the one used by Suppes (Atkinson, 1972; Suppes
and Morningstar, 1972) to teach arithmetic on a CAI system. This model describes the
state of each item in a drill list as being either not learned, partially learned, or
learned, depending on how many sequentially correct responses have been given for the
item. A criterion level is defined for the set which guarantees at least 90Y% proba-
bility of mastery. With the student response as the only information source, such
algorithms guarantee learning by the "overkill" method. The addition of biocybernetic
information could optimize the application of this algorithm through dynamic adjustmen:
of the criterion level of each item. Thus the program could abort the need for overt
responding, or reduce the criterion level if confidence is high; and raise the
criterion level if the uncertainty reading contradicts performance measures.

C.4.2.2 When to Question

By using ERP measures to adapt the frequency of questioning and speed of
presentation of long prose passages, we will attempt to improve both the rate and
level of concept learning. Anderson and Biddle (1976) have reviewed the research
on inserted questions, concluding that by forcing the student to attend to more than
the surface structure of the material, questions are highly effective in insuring both
immediate attention and improved retention. But questioning for this purpose is
disfunctional as long as the student is properly attending to the reading material.

We will attempt to continuously monitor the attention and periodically measure the
uncertainty levels of a student reading an extended prose passage. A deterioration in
the attention level of the student will be used as a cue for initiating a question,
recommending a break, or skipping ahead to more difficult material. High uncertainty
accompaning the reading of summative passages, will be used as a cue for inserting a
question and/or additional explanations to insure complete learning of the material.
The results of this computer controlled systems should be to allow the student to

read undisturbed as long as s/he is attending effectively, and to use questions only

when they are needed.
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C.4.2.3 Formative Evaluation of Questions

A second area of interest in prose learning ls in evaluating the effective-
ness of a specific question in measuring a student's understanding. Carroll (1972)
has discussed the differential processing required by recall and recognition question-
ing modes, and Markle (1973) has enumerated some of the problems which can remain in
lessons which have been through the empirical revision process; including questions
which test superficial understanding are ambiguous, or test question-answer ability.
We will evaluate the success of questions in operatiomnal CAI lessons by comparing
the level of processing evoked by a question with the confidence that a student
indicates in the correctness of his/hecc response, the specified response, and sur-
prise at subsequent feedback. A lack of processing indicated by a large number of
students will be defined as an unsatisfactory/unnecessary question whether student
responses were correct or incorrect. An indication of confidence accompanying an
incorrect answer will indicate an ambiguous or misleading question. Thus, we could
unobtrusively gather new, useful information about the importance and function of
inserted questions.

C.4.2.4 Improving Communication in Dynamic Simulations

The simulation and simulation/gaming modes of instruction have been the most
consistently popular and successful lessons on the PLATO system (Hyatt, Eades, and
Tenzar, 1972; Grimes, Burke, North, and Friedman, 1974; Smith, Chesquire, and Avner,
1974; Neal, 1974). Because of their well defined context, explicit rules, limited
moves, non-verbal modes of interaction, and the mathematical nature of the models,
the problems of disambiguating student responses are minimized. Evaluation of student
success is based on the w«ivUiciency in manipulating the model toward well-defined
goals. Despite their general success as training tools, simulations to date are
still very limited in their adaptive capabilities, adjusting parameters in real time to
correspond with students' performance and rate of progress. These limitations seem
to result primarily from the inability to obtain, with tradicional measures, high

quality information about the student quickly enough to make effective adaptive
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decisions. The techniques developed in our applied tracking research program will
be applied to the CAI instructional environment. Research measures of attention,
effort, and processing levels will be used to provide performance feedback to the
student, and to adapt the parameters of the simulation to the competency of the
student.

For example, the driving simulation described by Parker and Voss (1975)
provides a continuous experience in which a student uses wheel and pedal controls
to demonstrate understanding of the driving task. Hazards, road signs, and other
changes in the driving environment can be selectively included in the display. By
measuring the attention that a student gives to a new stimuli such as a caution sign,
and comparing it to performance when the hazard actually appears, we may be able to
identify the foresight that a student had into the driving context, and use this
information to assist in the evaluation of performance and the seldction of future
stimuli. The degree of attention required for correct performance will also allow
us to predict the students' mastery over a specific context. So with the addition
of biocybernetic feedback the simulation should be able to adapt to the competency

of the student dynamically and efficiently.
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SECTION D

EXPERIMENTAL REPORTS

In this section we in:lude copies of several reports which describe in
detail experimental and theoretical work conducted with the support of
this program.

The reports are briefly described here.

D.1 Squires, K. C., Wickens, C., Squires, N. K., and Donchin, E. The effect of
stimulus sequence on the waveform of the cortical, event-related potential.
Science, 1976, in press.

Describes our discovery of the effects of sequential dependencies on P300

amplitude and presents the Expectancy model.

D.2 Squires, N. K., Donchin, E., Squires, K. C., and Grossberg, S. Bisensory
stimulation: Inferring decision-related processes from the P300 component

Journal of Experimental Psychology, 1976, in press.

A demonstration that the P300 can be used to infer which of two channels
of information are processed by a subject. The data a2lso reinforce our notion

that P30C represents stimulus evaluation rather than response selection processes.

D.3 McCarthy, G., and Donchin. E. The effects of temporal and event uncertainty
in determining the waveforms of the auditory event related potential (ERP).

Subuaitted to Psychophysiology.

A demonstration that P300 is enhanced by the resolution of event uncertainty

rather than by temporal uncertainty.
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Kutas, M., and Donchin, E. Variations in the latency of P300 as a function

of variations in semantic categorizations. In D. Otto (Ed.), Proceedings

of EPIC IV. Washington, D.C.: Government Printing Office, 1976, in press.

Describes the first experiment in which we used the PLATO terminal.
Demonstrates that P300 varies with the complexity of a categorization response

and indicates that it is elicited at the termination of the processing activity.

D.5 Donchin, E., Kutas, M., and McCarthy, G. Electrocortical indices of

hemispheric utilization. In S. Harnad et al. (Eds.), Lateralization in the

Nervous System. New York: Academic Press, 1976, in press.

A critical review of research on hemispheric lateralization and a descrip-

tion of some of our experiments in this field.

D.6 Squires, K. C., Donchin, E., Herning, R. I., and McCarthy, G. On the
influence of task relevance and stimulus probability on event-related-

potential components. Electroencephalography and Clinical Neurophysiology,

1976, 41, in press.
A survey of the endogenous components of the auditory ERP in a counting

paradigm.

D.7 Squires, K. C., and Donchin, E. Beyond averaging: The use of discriminant
functions to recognize event related potentials elicited by single auditory

stimuli. Electroencephalography and Clinical Neurophysiology,

1976, 41, in press.

The efficacy of stepwise discriminant analysis demonstrated.
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i The Effect of Stimulus Sequence on the Waveform of
the Cortical Event-Related Potential 4
, Abstract. The waveform of the cortical event-related potential is extremely sensi-
i tive to variations in the sequence of stimuli preceding the eliciting event. The wave-
Jorm chauges were manifested primarily in the umpuludec of the negutive com- )
ponent of the potential Ihul peaked at 200 nulllceumdc ihe pasitive component that ; (N22,)
41 pecked ar 300 millisec mul\. ‘and slow-wave com;nmenl\ “A'quantitative model was 3. 5 Yh"*‘
.l
r developed reiating the waveform changes to chunges in event expectuncy. Expec-
tancy is assiumed to depend on a decaying memaory for evenis within the prior se-
4 . : .
quence, the specific structure of the sequence, und the global probability of event
g . ocenrrence. For stimmli relevant to the task, the less expected the stimulus the larger
] the wmplitndes of late components of the event-related potentials.

The cortical event-;clated patential
(ERP) associated with ‘he rare outccmes
of Bernoulli trials thut are relevant to o
task is dilferent from that as: ociated with
the frequent outcomes (/-3). If, for ex-
ample, o subject is instmcted to count
i the occurrences of a few low-pitched
tones embedded in it series of high-
pitchied vanes, the low-pitched tones elic-
Y it ERP’s characterized by o large nega-
. tive component peaking at 200 msec
(N200), o large positive component peak-
ing at 300 msec (P300), and large *‘slow-
wave'' (SW) components (3). The dis-
tinction hetween the types of ERP wave-
forms made it possible for us to develop
a discriminant Tuaction in which ERP's
to individual tones were classified as
“rare’” or “‘frequent’ (). When o “‘cor-
rect’’ classilication was defined as the
categorization of un ERP elicited by a
rare tone as “rare’” and by a f{requent
tone as ‘‘frequent.”” the discriminant
function formed from the ERIP® data of
one gronp of subjects correctly clussilied
%1 percent of ull ERI’’s from o gronp of
new suhjects. Althongh the classilication
technigne was successful, the reasons
far misclassifying 19 percent of the trials
remiined unclear. An unalysis of the
wivelorms associated with the misclassi-
lications snggested that the crvoncous

ger 2 BRSO, - .

M ——
-

’4 clissilications 1eflected systematic teial-

i to-tnal varmations in the ERP wavefarms,

4 Same af the “rine’” events seemed to

X clicit a “Niegnent™” wavefornn, and vice

i versi (5). Since the naderlying assnmp-

el tinn of reseirch tavalving ERIP's is that
1.

j the LERI”s chicited by all ocenrrences of o
“1 pirrticnlar type of event are identical,
:

such trial-to-tral varations in the ERP
regnired further examination.
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Inspection of the tjal-o- ol wae.
Torm micasnres snppested that the vina-
Lons might lave been die to sh nt e
segtiential dependencics, Remiugton ()
and athers (7100 have demonstvated se-
ynential depandencies in ¢chaice tasis, in
which reacnor tae (R on any given
Wil is seusitive 1o the specilie seynence
of preceding events, These seqrential ¢t
fects have been atnibuted by somie to tei-
al-to-trial changes in the subjeet’s evpee-
tancies (9, /). Since evpeetimey has
heen impheated as ove determinan of
the ERP wavetorm, we attemipted 1o de-
termine whether the wineform of the
ERP exhibits similar seqnential depen-
encics.

Seven snbjccts listened to series oticg-
ularly presented tone birrsts. On each tri-
al a high-pitched and o low-pitched tone
were equally likely to ocenr (/). The
snhject was instinieted 1o connt the high-
pitched tones silently and to report the
connt after each block of 200 trials. In a
second conditiun, the probabilities ol the
high- and  low-pitched tones were
changed to .3 and .7, respectively (/12).
Each subject was tested on 800 to 1600
trials, depending on the candition,

Dnring testing, the subject was com-
fortably seated in a reclining chair in &«
well-lighted experimental room. The
electroencephulogram (EEG) was re-
corded with Binden Ag-AgCl electrodes
fram I, C,. and I', (according to the [0-
20 system) which were relerred 1o &
linked nastoid electrode. with o wrist
ground. The band pass of the amplilier
system wirs set for a tiine constant of 0.8
second and an upper half-amplitude fre-
quercy af 35 hertz. Additional elec-
trodes (Becknum) were sitnated above
and an the anter margin of the right eye
to record eye movement and blink poten-
tials. On each trial, i 768-msec epoch of
the EEG. beginning 100 msec before the
stimnlis onset, was digitized from cach
ol the recording channels (at a rate of
one sample every 3 msec) and stored on
digital magnetic tape. The EEG epochs
contaminiated with eye movement or
blink artifucts were escinded from the
sibsequent waveform analysis. All trials
entered inte the taubulations of se-

quences,

e LS

Remingtan’s terminology (6) will be
followed. An A -represents whichever
stimmlns event accinred on trial N (0
tirst-order sequence). For the second-or-
der sequences there were 2 possible pat-
terns of stimnli an trials N-1 and N. A
or na. Similinly there were 4 pussihic
thind-order patierns (aaa, NAA, ADA, OF
nna), R fourth-order patterns, and 16
lifth-order patterns, When segnences ter-
minated with o high-pitched tone, i A in
#4 sequence represents the occurrence of
ahigh-pitched tune e s onthat of 3 low-
pitched tone, When the segquences tenmi-
nate with o low-pitched tone, the Eibels
arereversed. A waveform measime can
be plotted fon each of 1he passible we-
quences snd o tiee dagram constineted
by comecting the points in each onder to
the vebiated pomts in the ligher and towey
orders L arinstance, the thind-ander se-
quenes wbvaed ge oy areachosed to the
seeod auder seqnence na by the acemn.
rence of esther on s ovanan trinl N2,

Banctics e caeh node, wineh svstem
acally dhverge to high onders, indhcate
thilterentinl effects of the teceding stimn-
e the segnence on the wepuident vini-
able o il N (1, 1,

The averiged ERE wiavelorn (lrom
C o the sequences of the onter Tihs
ol the tree stinctinne e shown (o one
subgect i g 20 dauge diseominant
seores aefleet boge 1PWW compouents
G the associted N20O ind SW cons-
ponents) There is systematic viniatian
inthe waneforn of the ERP as o Tnnction
af the segnenee ol preceding stimnli. The
size ol the PN complex elicited by an a
increines with the niinber of n stimmnh
that precede it (the asceuding limb of the
tree), and the size ol the P00 complex
decrenses as s of v stimnli of increas.
ing length precede o given a, The infin-
ence of preceding stimnli on the ERP
elicited on tial N extends at least 1o trial
N -4 the. Ly (3. The discriminant
seore varitions seem to result mainly
from amplitnde cliinges of the winveform
camponents and not ) large shifts in -
tencies of the cmnpuu’ém\' (Fig. 2) (14).

Reproduced from
v_b_esl available copy.
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in the unequil probability condition
(.3/.7), the iree structures for the high-
and low-pitched tones are disphiced (Fig.
L b and c). The discriminant scores for
eich sequence are generally kurger for
the stinwli with u low probability and
smaller for those with « high probability
(15). The average displacement, how-
ever, is no kirger thun the 1ange of the
discriminant scores observed for fifth-or-
der sequences in euch of the panels (Fig.
D. The sequentiol determinants of wave-
form variability seem to be at least as po-
tent as the determinants of the ERP
wiavelform associated with changing lev-
els of stimulns protability.

The tree stracture reported here is sim-
ilar to the RT trees of Remington (6) and
Falmagne et ol (7). The anatogous ef-
fects in the two cases ave the enhince-
ment of the 172300 conplex and the prolon-
gation of RT with longer sequences of
preceding 's. I, as has beer argued (9),
RT increuses as an inverse function of ex-
pectancy, i simil o relationship between
expectancy and ERI® waveforms can be
assumed. We procecded, therelore, to
develop a model. based on the concept
of expectiuncy to describe the sequential
dependencies in ERP waveform.

In serial RT tasks, when the intertrial
interval is less than 2.0 scconds. the cf-
fect of a stinwllus sequence on the e xpec-
tiney ol o stunidus event is presumed to
function as follaws. The subject fermis o
local (i opposed to o global) subjective
probability  distribution  that  reflects
event frequency within o *'stiding win-
dow."" The more hequently an event oc-
curs within that window, the grealer is
the subgective probability (expectancy)y
that the event will recr, When the next
evenl in the sequence condinns the ex-
pectations imduced by the probability dis-

Ttrbition, R +eheis shorter than if the
less expected event ocenrs,

In om expiriment, the amiplitnde of
thz PIND complex (s measined by the
discrimimant score) seems o be Luger
when the expectation is discontirmed
than when itis conlirmed by the eliciting

event. Fhus, a maoded acconnting ke the
wavetomu data shonk® estinite the ex-
peetiney the subgeet s for an event as
i function of the treceding seqgquence of
stimul. We assimie cxpeciangy to be de
termined in o liner additive  ashion by
three factors: (i) the memory for event
frequency within the prior stimilis se-
guence, i) the specilic strnctine of the
prior sequenee, and (iii) the global proba-
bility of the event,

S«

The assunption that the “ocally oper-
ating, subjective prohability distiibution
depends o slidjng weadow implies that
the nugnitude ()I'Aé'chcl of & stimulus on
the expectincy for succeeding stimuli is
i decaying function of sequential posi-
tion (or ime) (10). We ussinme that the cf-
fect of o stimulus on responses to suc-
eceding stimuli is poverned by iun expo-
nential decay process (9). The specifie
form of the “inemory™ (M) expeetincy
function for event A on trial N as a fune-
tion ol the sequence of past events S, is
assumed to be

A\ m
Mao= N 'S, €}
;_:‘\ 1]
where
Cfor(S, = n)
Sy == .
Hor(§, = A)

and where mt equals the order of the se-
quence (hiere. m =2 S). The corstant «
corresponds to the rate of decay in mem-
oy of prior  stimulus  information
0 < o = 1) sl values of « indicale
thit only very recent events contribnte
toexpectancy {18},

Alternations " the stimnlus sequence
genenate espectancies thid the :ilterna-
tion pattern will continue (/0. 17). With
regard to alterpations, our model as-
sumes that ti) a positive expectancy is
generated for the stinwilus on trial N that
fits the alternation pattern. and a nega-
tive eapectancy is generated for one that
breaks the pattern: (i) the magnitude of
the alteration factor should grow (linear-
Iy) with the number of consecutive prior
alternations; and (i) 2 mininwum of two
prior alternations are necessary to in-
duce an alternation set. Thus, each stim-
tus sequence was assigned an alterna.
tion facton AY,), whose valie ( 310 +3)
was  genetated by these assnmptions
(8.

The probahility (723 that a stinutlus will
ocen afteets the diseriminant score inde-
pendently of sequential eBects (g, b
niay be conceived of as a reflection of
long-term memory, o1 as a norzero
asymptote ol the decaving short-leim
memory process that goverons the more
recent seguental ettects Simubine eflects
of global probability operate on teicthion
times (0, 71 We assined that the three
detenmunts ol expectaney (MY,
A and 2y combine Tineay sind an
addinve tashion to contubnte to ovenalt
event expectaney and. theretone, to pie-
dict the nagniide of the discriminant

SEoe.
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We st determmned the memmy decay
constant e in Eg. 0 that wonld provide
the hest bnear relationship between dis-
criminant seores aud the memon y cApee-
timcy tactor For the prababity condi-
vons, P 3 S o 7L he valdie of o
that nunimized the linear carvelation be-
tween A o the discinnnent scoes did
not ditter among the thies canditions
(9" The mcan vaine of o, 0.6, was this
selected as the memary decay rate lor ol
conditians,

We performed a amidtiple lincar regres-
ston analysis in order ta deterniine the
egation relating the vaties of the 1ifth-
arder discriminant scores to M, ', and
A

Expectancy = 02354 +
0.0334 + 0.5051 - 0,027 2

In Fig. 3, the observed expectancies
(mecasnred as discriminant scores) for all
three prabahility conditions are platted
as functions of the expectancy vialies de-
rived from Eq. 2 (20). The regression
cquirtion accomnted For approsimately 78
percent of the variance (R == 82 1)(21).

The multiple regression analysis was
repeated with pairs of factors to cvalinate
the incremental propartion of variance
acconnted for by each fuctor. The largest
goins were added by including the £ (38
percent) and A (49 percent) fuctors; 3
small predictive increase was guined by
inclading A (5 percent) (22). Alternations
occurred in only a small number of se-
quences {4 of 16) and their efect on the
ERP waveiorm connters attempts to ex-
pliin these results in terms of habit-
wation. H the mere occnrrence of o stimn-
lus affects wll subsequent stimuli throngh
hubitiation, the precise pattern of stinmn-
It within o1 segnence should not material-
ly alTect the results,

Our madel externds hypotheses pre-
vionsly advanced to acconnt for the el-
fects of event probubilitics or: the wave-
form of LRI (23). The umplitude of the
P300 co.nplex increases as the (xpec-
tancy of & stimmlus decreasex, and
multiple fuctors combine to determine
the expectancy that the snbject asso-
cintes with individual stimnli, Morcover,
the elTect of expectuancy cuan be inferred
to be relatcd to dynamic processes that
develop over short progressions of stinm-
li spanning time intervals of only u few
scconds. ‘Thus, cantion shonld be exer-
cised in the interpretation of changes in
the waveform of the average ERP. The

validity ol the common assumption that
the average is camputed aver i homoge-
neaus diti set must be carelully eviluat-
ed for cach experiment, For example.
whenever the glabal probability of an
eventis imcreased, there is a conespony-
ing increise in the number o runs of that
somutlies in the sedies, Horials in sich a
senes e aseraged  withant regind to
their serid position, the incireased pro-
partion of trials following long runs of
like stimuh niy well weduce the ampli-
tude af the PY0D complen. Alsa, anexam-
ination af the behavior of the diserimi-
nant scores obtined in our previons
warth on the clhissification ol single-trial
ERE'S ) sngeesis that iy ol the eir-
rars of clinsificution niay line been due
taseguential eflects,

s by sipusing (o tind that the
PEEZARISEE S Tesponse (o “wlenhical™ st
s ety Phe e ons System s nol g
issive rearpient ol mpats that aie obed;.
emly switched 1o outpars, ather it s g
dynaene system thi comtinonsly pene, -
dtes iy potheses abam 1he Chviomment.
The PUIO seems o be issociated with ihe
cvaliatonr ol sich contestnal hy pothe
NS
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and S, Donic, Fds (Academic Press, New
York, 19781, vt p doe
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8. S. Knrnblum, in Arzention and Performance. S.
Komblum. Fd. (Academic Press. New York,
1971, vol. 4, p 259,
9. R.J. Andicy.itd., p. 419
10. D. R.J. Laming, Mathematival Pasvhodagy (Ac-
wudemic Press, New York, 1973, p. 197,
i I A tone i<t wis presented every 1.3 seconds
through ‘TDH.}s eamphones. Each stimuins had
a total duration of 60 macc, inclnding 10-msec
rise and fall times, aod was guled.in random
phase. The frequency ot *he high-pitched tone
wits 1500 hertz and thit of the low.pitched tove
- wirs 1000 hertz. Both stimuli were 60 db sound
pressune ievel (SP1) against i cantinunos back-
ground of wide hand noisc at 5§ db SPL. The
3 seqirence of stimubi wus completely vundum ex-
cept for the constraint that cuch shmulus oc-
cirred with a probihifity of . §. .
e 12. Snbiccts were tested in the uncqual probahility
conditivn cither in a secoml experimental ses.
sion or ufter a break in testing during which the
i'F subject left 1he experimentid chamber. The sepa-
ration hetween conditions was designed to elimi-
nate confusiun abanl the probabilities of occur-
rence of eich tenal stimulus, The subjects were
thoruiphly briefed about the stimulus probabili-
tics ind the nide of rindom sclection of stimuli.
13, The tree structure continned o diverge at leist
hack ta trisl N-6. As the number of picceding n
stimufi increascd to five und six. the mean dis-
criminant scores increased to 1.7 and 4.07 uaits,
respectively. Fou increasingly long runs uf pre-
ceding & stimaldi the curresponding scores were
1.20md 128, )
14 Since the observed changes in waveforn statis-
fies as o functinn of order duplicate the vana-
tions in choice R in analogous tasks. latency
shifts 1 the evoked compunents which were
comparable fo the RT latency variations might
have heen expreted  Latency shifts of com-
pancnls such s I wonld yickd vanations in

s the discriminant score since it is cafenlated for

fixed latene Remimeton 183 reported changes
in the RY of ubout 20 macc between lirst mder
(\) seguences 1290 macc) o fifth-order sc-
quences (npuna, Y maee) and aboul 17 maee
hetween the estieme hfth order seyiences

= 1mcan R for seguence aaavs wins 271 msed)

Sumilan variatians 1 the latency for P3N0 were
A s in the averaged R wavefouns, bt
suich sl latency shifis e probable Y oaond
the resolution possible with these dats 7 - «ther-
more. o has been agued ) that scquentially
related Latency differences m R7 ae prinsanly
comegience of repetitions and alternibionm of
the 1cspunse rather than of the stnesins sl
the speed uf processing o shomibns rentnns relis
tively nnallee ed by samentiol effects Iparticy
larly with simple stinmliy i the RT paradigm, we

i nssime that songly wordd idse be the cose m
the cmnent panadigns, wnd theacfone fhe bdler.
cnees i the discmmnant somes pumanity etiect
veffercuces m mphitnde vather than o Litengy
Repeated mcasmies analy sis ot vanance showed
spmlicant moan effects ot kath - seqnence
VARGIRD 66l 20 D00 wdd stimudus tor
probalwhiyt 7 (1.0 B9 W2S] fheter
achicea oif sequence and stunplins wais ool sipadi
cant.

16, 1n Fg tooaly A's omtiibate ta the value of A
thus, wm the case of the prime seduence om
tatmag only 1 s (onnad, thie valnes of all S, anit
the vesultant meminy Lator will he equal 1o 8

17. When the discommmant score was plotted oy a
fincton of the mennny Factin abone, certinn
sequences had diseninmont scores wingh ded
Aol Fall ot then onderty, predicted positon o
cxanpic, the fist v in the seguence anais hada
mnch smaller discrimipam scove than prabcted
However, with s parhionlar sequence eaped
tuncies for anothier A wonlil be elevated because
the evenl v on “al n v consistent with the
pattern of alternations set np by the sequence

IR, Of the 16 fifth-imder segnences, § et 1eguire:
nienl toit aml thne had venzerns alternation Lo
tors: they were nana b 2t ananal ¢ 3}, panaa
(- Doand aanan( )
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19 The thice obtaned values of ¢ were 0.5R, 0 (i),
andblfor 3 Sand 7 espectively,

20 To evalnate the entent to which the expectancy
function £ the ata for individual subgects, lin:
c.u correlation cocflicients weie calenfated for
cach subpect i cach condiinn, ‘the mcan conre-
Lition coeflicient salnes were - 313, - S7R, and
- SYeforp L.S.and 7, respectively.

21 Regression analyses were utvo peiformed on the
indrvaduad subgect data, yiclding statistically ig:
nilicint mudtiple R vadues in ol cases, runging
from 426 1n RID with a mean of .68,

22. In Eq 2. unly the first.oider terms have been
used. A hetter fit might have heen obtained had
inteructions between factors or higher order
terms been included g V). For example, of
separatc regression lines were fie for the three
probahility vidires, the slape of the line for the
P - 7 condition would be greater than that of
the other twa. 1'mthermore, the degrec of pre-
dictive lincar fit scems to Jiffer between condi-
tions, heing mavimnm for the P - .S condinon
(for this condition a amluple regresvion of the
discriminant score upnn the 3 and A factors
praduced i multiple R value of 916).

2. K. C. Squires, S, A Hillyard, P. H. Lindsay,
Percept Paychophsy 13,725 (1974 Tucling et
al. (2) also aoted ¢ffects of both repeated nd
alternated events and relited thein resnbts to the
Cunexpectcdness’ of the entconmic.

24 The discnanaant_score is a combined meisnic
of the N30, P3N, and SW camponents of the
ERP at the three electrade sites that wus devel-
oped accmding 10 4 stepwise discriiminant analy-
ss procedwie 26). which optimally discrimi-
ndes between VRPN elicited hy rure and
freqnent stimuli 17, 93, The use of such a stdistic
has certinn advintages: since it is i combined
measure of severid ERP amplitndes, it is less
susceptible 1o 1 FGonoise thin in hviduil hise-
t-peak amplitndes. it inctndes mmie waveforin
information, and At is o measure that can he
apphied taany subject’s duta wihant adjisiment.
The latencies at which ERP amphtides were
taken for anclusion in the discnminant seore
were 104, IRK, MR, 120, 156, and W0 maec for
Foo 128, 236, 3323868, aind 668 maec fon C,
and 224, M4 IR0, 47, SI6, and $72 nisec for P,

25. E. Donchin. IFEF Trany Tomed. Eng., 13, 13]
CIeby, NASN Epec. Publ 5P}
(199), p. 199; -. R. Herning. Flectroen-

cophalogr Clin. Sewrophysiol. 38, S1(197%): F.
Donchin, £ Cillaway. R Jones, ibid. 29. 429
11970

26, Combining data across vimmill moee jusiified e
caune the yrec stricires for cm.‘h'v\ Cre CNven-
tially wdentical A icpeated nicisutes analysis of
variance yielded o sigmbicant sequence effect
[FIMLIRN) < 106.5. 2 - 001, bt the cffect of
dllﬂ'cnnr signals was nonaignificant. i was the
sigitd by \cjncncc interaciion.  High-pitched
fones tcamnted by the subiect). however, tended
10 yicld Luger disciiminunt scores than the fow-
pitched tones. ‘This counting effcct was sigmiti-
cant WP < .01 when we tested it naing dilfer-
cnce scores for autched pairs of Afth-order sc-
gnences, but it was small relative to the se-
quence effect.

27. Supported by the Advanced Rescarch f'rojects
Apency of the Department of efense nnder
contracis DAMC 15 73 C O3VIK jind ONR US
N:}VY N2 10 F 1) The technical assistance
of T Dunnand S Petnchowsh and the helpfnl
cominents of G McCarthy and R Horst are
grafefully achnawledged

¢ Presentakhiess Depatment of Medicine, Uni- \
scrsdy af Valifornne, tivinge YShia L
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Fig. b Tree dingianns of shserimiimint scores Bircomposite measure ol the EREP wavelorar chated vn boal N (29 29 assfunchion of the seguence
of preceding stiondh, ‘The discriimimant score is given in arbifrary wmits, Within each ordes 11 1a 9, the stumnlus segnence is Libeled, and reliled
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